Abstract. Eosinophils are a common component of the inflammation of the lower respiratory tract that characterizes the interstitial lung disorders. Bronchoalveolar lavage analyses (n = 680) of 251 patients with interstitial lung disease demonstrated that eosinophils represented >5% of the effector cells comprising the alveolitis in 20% ofall lavages. In contrast, lavage ofnormal individuals (n = 1 7) showed that eosinophils were never >5% of the total effector cells recovered. To evaluate a possible role for eosinophils in mediating some of the cellular and connective tissue matrix derangements ofthe lung parenchyma found in interstitial disease, eosinophils were evaluated for the presence of proteases capable of cleaving connective tissue proteins found in the lung and for the ability to mediate cytotoxicity to lung parenchymal cells. Evaluation of guinea pig and human eosinophils demonstrated that eosinophil granules contained a collagenase that specifically cleaved human collagen types I and III, the two major connective tissue components of the human lung parenchyma. In contrast, the eosinophil did not contain an elastase or a nonspecific neutral protease. The eosinophil collagenase appeared to be a
tetraacetate but not by phenylmethanesulfonyl-fluoride or a1-antitrypsin. The eosinophil also has the capacity to injure lung parenchymal cells. Without further stimulation, eosinophils purified from peritoneal exudates of guinea pigs demonstrated spontaneous cytotoxicity for human lung fibroblasts (HFL-1), cat lung epithelial cells (AK-D) and rat lung mesothelial cells (16B). Under identical conditions, the epithelial cells were more sensitive to eosinophil-mediated cytotoxicity than the fibroblasts or mesothelial cells (P < 0.01), consistent with the clinical observation that in the interstitial disorders, the alveolar epithelial cells are damaged more commonly than fibroblasts or pleural cells. The eosinophil-mediated cytotoxicity could be partially inhibited by the antioxidants catalase and dimethylsulfoxide suggesting that toxic oxygen radicals play a role in mediating the cellular damage. Importantly, eosinophils purified from bronchoalveolar lavage ofhuman interstitial lung disease also demonstrated spontaneous cytotoxicity for lung epithelial cells. These observations demonstrate that eosinophils are frequent participants of the alveolitis of the interstitial lung disorders and suggest that these cells have the potential to damage the parenchymal cells and collagen matrix of the lower respiratory tract.
Introduction
In the normal lung, the eosinophil is found in the mucosa of the upper airways, where it is thought to play an important role in dampening immediate hypersensitivity reactions (1, 2) . In contrast, in the lower respiratory tract, eosinophils are rare (3) (4) (5) . However, when there is inflammation in the lower respiratory tract, as is found in the interstitial lung disorders, morphologic (6) (7) (8) and bronchoalveolar lavage (3, 4, 9, 10) data suggest that eosinophils can accumulate in the alveolar structures and occasionally in the pleural tissues (8) .
The role of the eosinophil in this inflammation is unclear.
However, since the interstitial lung disorders are characterized by injury to the cells and connective tissue matrix comprising the lung parenchyma, it is reasonable to hypothesize that eosinophils may play some role in the derangements of the lower respiratory tract that accompany these disorders. Support for such a concept comes from the knowledge that while the eosinophil is generally considered to be a "beneficial" cell that suppresses mediators of inflammation, there is increasing evidence that the eosinophil may also be able to damage normal tissues. First, eosinophils have the potential to damage parasites such as Shistosoma mansoni (11, 12) and Trichinella spiralis (13) ; presumably, ifeosinophils can injure such relatively hardy organisms, the eosinophil likely has the potential to injure normal tissues. Second, eosinophils carry major basic protein (14, 15) , a highly toxic polypeptide that under appropriate circumstances can clearly damage normal tissues such as tracheal mucosa (I16- 18) . Third, eosinophils can damage normal cells through antibody-dependent cytotoxic processes (19, 20) . Fourth, eosinophils can release toxic oxygen radicals (21) and contain a peroxidase that can generate halide-related oxidants (22, 23) . Fifth, in the hypereosinophilic syndrome there is accumulation of eosinophils in tissues that is paralleled by organ injury (24). In this context, the present study was designed to evaluate a role for eosinophils in mediating some of the injury to the lung parenchyma in the interstitial lung disorders. (25) . Patients were excluded from the study if they had evidence of allergy or infection of the upper respiratory tract. For comparison, the cell differentials of consecutive lavages of 1 17 normal individuals (each evaluated once only) were evaluated for the presence of eosinophils.
Bronchoalveolar lavage was carried out in patients and normal individuals using previously described methods (3) (4) (5) 10) . After bronchoalveolar lavage the recovered fluid was centrifuged (600 g, 15 min) to separate cellular and noncellular constituents. The cells were resuspended in RPMI-1640 medium (Gibco Laboratories, Grand Island, NY) and a small aliquot was used to prepare modified Wright-Giemsa-stained cytocentrifuge slides from which lavage cell differentials were determined. A minimum of 200 cells were evaluated in all cases.
Source and purification of eosinophils. Eosinophils were obtained from three sources, the guinea pig peritoneum, human blood, and human lung. Because of difficulties in obtaining large numbers of purified human eosinophils, guinea pig eosinophils were used for all studies except as indicated.
To obtain guinea pig eosinophils, female National Institutes of Health (NIH) strain guinea pigs weighing 300-400 g were stimulated by weekly intraperitoneal injections of polymyxin B sulfate (Sigma Chemical Co., St. Louis, MO; I mg in 1 ml 0.9% saline) and by weekly saline peritoneal lavages as described by Pincus (26) , and Gleich and Loegering (27). The saline peritoneal lavage was accomplished by injecting 100 ml of saline into the peritoneum and allowing it to passively drain through a 14-gauge polyethylene catheter (Deseret Co., Sandy, UT). After 4 wk of dual stimulation by polymyxin B and peritoneal lavage, all animals developed an intense peritoneal inflammation comprised of -50% eosinophils and 50% mononuclear cells. Peritoneal washings from these animals were centrifuged (500 g, 15 min) to separate cellular and noncellular components. The cells were washed in Hanks' balanced salt solution without Ca++ and Mg++ (HBSS) and the eosinophils and mononuclear cells separated by density gradient centrifugation (27). To accomplish this, the recovered lavage cells were resuspended in 10 ml HBSS, underlayered with 10 ml of sodium diatrizoate solution (Sigma Chemical Co.) (d = 1.142 g/ml), and centrifuged (600 g, 40 min, 4C).
The eosinophil-containing pellet was washed, counted by hemocytometer, and evaluated for purity by differential cell count of a cytocentrifuge preparation. A total of 34 guinea pigs were used an average of 25 times
each. An in each of three lobes). The eosinophils were purified by Hypaque-Ficoll density gradient centrifugation as described for the blood eosinophils.
The resulting pellet consisted of 94% eosinophils and 6% alveolar macrophages.
Preparation of eosinophil granule extract. To prepare eosinophil granule extract, 1-2 X 108 purified eosinophils were suspended in 2 ml of 0.34 M sucrose with 2,000 U sodium heparin and were repeatedly and vigorously pipetted through an 18-gauge spinal needle. WrightGiemsa-stained cytocentrifuge slides were used to monitor the lysis of eosinophils and the separation of granules from cell membranes. Disrupted cell membranes were removed from the opalescent preparation by centrifugation (400 g, 10 min, 4C). The resulting supernate was transferred to another tube and centrifuged (20,000 g, 1 h, 4VC). The granule-containing pellet was suspended in I ml 0.34 M sucrose-1 M NaCl and frozen at -20'C. The frozen granules were thawed, sonicated over ice for 30 s, and centrifuged (20,000 g, 30 min 4C) (14, 15) . The supernates were stored in liquid N2 vapor until use. To ensure that this material contained eosinophil granular contents, the supernates were assayed for peroxidase activity (29).
As a control for the protease studies, neutrophil granule extract was prepared using -2 X 109 human peripheral blood neutrophils (30) . The neutrophils were suspended in 10 ml of 0.34 sucrose-heparin solution and repeatedly pipetted through an 18-gauge spinal needle. Disrupted cell membranes were removed by centrifugation (400 g, 10 min, 4C).
The resulting supernates were transferred to another tube and centrifuged (48,000 g, I h, 4°C). The granule-containing pellet was suspended in 10 ml 0.34 M sucrose-I M NaCl and sonicated over ice for 30 s. Disrupted granular membranes were removed by centrifugation (48,000 g, 1 h, 4°C) and the supemates stored in liquid N2 vapor until use.
Assays for connective tissue-specific proteases. To evaluate the eosinophil granule extracts for the presence of connective tissue-specific proteases, the extracts were first dialyzed against 200 mM NaCl, 30 mM Tris, 5 mM Ca", pH 7.4. Elastase activity was quantified as the amount of radioactive material released from [3H]elastin at 370C, 18 h (31). Nonspecific neutral protease activity of eosinophil granule extract was measured as the amount of radioactive material released from ['4C]globin at 37°C, 18 h (32). As a positive control for these protease assays, human neutrophil granule extracts were similarly dialyzed and assayed for the presence of elastase and nonspecific neutral protease activity. Type I and type III collagenase activity was assayed as previously described (33) .
[3H]-labeled type I and type III collagens were produced from cultured human fetal lung fibroblasts (HFL-1, American Type Tissue Culture Collection CCL 153). To test for the presence of active collagenase, eosinophil granule extract (100 Al) was incubated with the labeled collagen for 18 h, 22°C. The reaction products were ethanol precipitated and analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography. To test for the presence of latent collagenase activity, eosinophil granule extract was treated with trypsin (250 Mg/ml, 30 min) followed by trypsin inactivation by an excess of soybean trypsin inhibitor (500 ug/ml, 30 min). To establish the inhibitory profile of eosinophil collagenase, the effects of eosinophil granule extract on type I and type III collagen were studied in the presence of 10 mM ethylenediaminetetraacetate (EDTA), 1 mM phenylmethanesulfonylfluoride (PMSF), and 5 AM al-antitrypsin.
Cytotoxic effector function ofeosinophils. The ability of eosinophils to injure normal lung parenchymal cells was tested by using a conventional cytotoxicity assay (34) . Three cell targets were used, human fetal lung fibroblasts (HFL-1), feline lung epithelial cells (AK-D), and rat pleural mesothelial cells (16B). HFL-I cells are typical diploid human lung fibroblasts derived from the lung parenchyma of a 16-wk fetus (35) . AK-D cells are a diploid alveolar epithelial line derived from a late stage feline lung (36) . 16B cells are a diploid mesothelial cell line derived from rat lung pleura (the kind gift of M. C. Jaurand and J. Bignon, INSERM U 139, Creteil, France) (37) . All cells were maintained in 10 ml of Dulbecco's Minimum Essential Medium (Biofluids) with 10% fetal calf serum, 100 U/ml penicillin, 100 Ag/ml streptomycin, and 0.06% glutamine in 100-mm plastic petri plates (Falcon Labware, Div. 10% fetal calf serum to generate culture supernates. The cytotoxicity of the sonicates and culture supernates was then compared with the cytotoxicity mediated by intact eosinophils. To evaluate the possibility that eosinophil cytotoxicity was mediated through oxidant mechanisms, eosinophils were incubated with HFL-1 fibroblasts in the presence of superoxide dismutase (300 U/ml), catalase (3,000 units/ml), and dimethyl sulfoxide (DMSO; 0.1%), all three were from Sigma Chemical Co. To evaluate whether the eosinophil cytotoxicity could be augmented by stimulants, eosinophils were incubated in the presence of eosinophil chemotactic factor (ECF-A, Val-Gly-Ser-Glu, Vega Biochemicals, l0-4 M), phorbol myristate acetate (PMA, Sigma Chemical Co., 100 ng/ml), and histamine (free base, Sigma Chemical Co., 10-4 M).
To compare the cytotoxic effector functions of lung eosinophils to alveolar macrophages, macrophages were recovered from normal individuals by bronchoalveolar lavage as previously described. Equivalent numbers of lung eosinophils and alveolar macrophages were then tested against AK-D cells as described above.
Statistical evaluation. All data are presented as mean±SEM and all comparisons between groups are made using a two-tailed t test.
Results
Eosinophils in the lower respiratory tract in the interstitial lung disorders. Eosinophils are frequent participants in the alveolitis of chronic interstitial lung disorders, and occasionally the mag-271 nitude of the eosinophil contribution is quite marked. In 680 consecutive bronchoalveolar lavages of these disorders, eosinophils comprised 5% or more of the recovered lavage cells in 20% of all lavage analyses (Fig. 1) . In contrast, eosinophils were rarely present in lavage analyses of normal individuals. Eosinophils represented <1% of all cells recovered in 95% of all normals (11 1 of 1 7 subjects) and <4% in the other 5% (6 of 1 7) of the normal population. Interestingly, eosinophils were found to represent >5% of all effector cells present in several disorders not classically considered as "eosinophilic disorders" such as IPF (33% of lavage procedures of IPF patients; 44% of all IPF patients), sarcoidosis (7% of all lavage procedures of sarcoid patients; 14% of all sarcoid patients), hypersensitivity pneumonitis (HyPx; 10% of all lavage procedures in HyPx patients; 17% of all HyPx patients) and the collagen-vascular disorders (CVDx; 20% of all lavage procedures of CVDx patients, 26% of all CVDx patients). In addition, eosinophils were frequently found in lavage analyses of disorders generally considered to be pulmonary eosinophilic inflammatory diseases, such as histiocytosis-X (HX; 15% of all lavage procedures of HX patients; 15% of all HX patients) and chronic eosinophilic pneumonia (EPx; 36% of all lavage procedures of EPx patients; 25% of all EPx patients).
Connective tissue-specific proteases derivedfrom eosinophils.
Guinea pig eosinophil granule extract contained no detectible elastase or nonspecific neutral protease activity (Fig. 2) nase, but it was not active until it was "activated" with trypsin (Fig. 3) (Fig. 4) . While both the type I and type III collagenase activity was inhibited by EDTA, it was not inhibited by PMSF or al-antitrypsin.
Human eosinophil granule extract also contained collagenase activity against type I and type III collagen (Fig. 5) (38, 39) .
Eosinophil cytotoxicity for lung parenchymal cells. Guinea pig eosinophils exhibited spontaneous cellular cytotoxicity for human lung fibroblasts after 24 h of incubation (Fig. 6) . Eosinophil-mediated killing increased directly with increasing effector-to-target cell ratios, and significant cytotoxicity was present at effector-to-target cell ratios of 40:1 and 80:1. Since separate experiments had shown that other effector cells (human alveolar macrophages and human peripheral blood mononuclear cells) did not kill fibroblasts at similar effector-to-target cell ratios (data not shown), the cytotoxicity mediated by eosinophils in these experiments could not be explained by "nonspecific" mechanisms such as depletion of substrate in the media by excess numbers of effector cells.
Not only were the eosinophils cytotoxic for HFL-1 fibroblasts, but also for lung epithelial cells and mesothelial cells (Fig. 7) . Eosinophil cytotoxicity for all three lung parenchymal cells increased with increasing incubation time. Furthermore, under identical conditions, the epithelial cells were significantly more sensitive to eosinophil-mediated killing than the fibroblasts or mesothelial cells (P < 0.01, both comparisons).
The cytotoxicity caused by the guinea pig peritoneal eosinophils was "spontaneous" i.e., no stinnulus was necessary to 25- induce the eosinophils to injure the target cells. The most likely explanation for this was that the eosinophils were "activated" in vivo, probably by the processes used to stimulate their attraction to the peritoneum. In this context, attempts to further stimulate the eosinophils were unsuccessful. For example, the addition of ECF-A, PMA, or histamine to the eosinophils had little effect on the eosinophil mediated (cytotoxicity) to the HFL-1 target cells as compared with eosinophils alone (Table I ; P > 0.1, all comparisons).
Two lines of evidence suggested that at least part of the mechanism by which eosinophils mediate cytotoxicity to these lung parenchymal cells is by the release oftoxic oxidant radicals (Table I) . First, the cytotoxicity was partially inhibited by antioxidants. The antioxidants catalase (10.7±0.9-4.4±1.0, P < 0.001) and dimethyl sulfoxide (10.7±0.9-7.9±0.8, P < 0.03) caused significant decreases in eosinophil cytotoxicity for HFL- Like the guinea pig eosinophils, human bronchoalveolar lavage eosinophils were cytotoxic for AK-D lung cells (Fig. 8) . In contrast, normal human alveolar macrophages failed to injure AK-D lung epithelial cells. Insufficient numbers of the lung eosinophils were available to evaluate any of the processes involved in this killing. (42) . Furthermore, analysis of the effector cell populations obtained by mechanical disruption of the human lung parenchyma, a technique that samples both the interstitial and epithelial surface compartment, also demonstrates that eosinophils are rarely present (43, 44) . In contrast to normal lung, many inflammatory disorders ofthe lower respiratory tract are associated with an accumulation of eosinophils in the parenchyma. Furthermore, biopsy and autopsy studies have clearly shown that these eosinophils also accumulate in the lung parenchyma independent of blood eosinophilia (6) (7) (8) that show that the types of lung effector cells recovered by bronchoalveolar lavage are quantitatively similar to the types of cells recovered by mechanical disruption of lung biopsy specimens (43, 44) .
The mechanisms that mediate the accumulation of eosinophils in the lower respiratory tract in these disorders are unknown. However, it is known that the human lower respiratory tract can be a source of factors selectively chemotactic for eosinophils. For example, when stimulated with IgE, fragments of human lung parenchyma release histamine (46) , eosinophil chemotactic factor ofanaphylaxis (47, 48) , and other chemotactic polypeptides (49) . In this regard, increased amounts of histamine are found in bronchoalveolar lavage fluid of patients with IPF (50) . Furthermore, morphologic studies by Kawanami et al. (51) have shown that the density of mast cells in the alveolar walls is enhanced 18-fold in these disorders, and thus it is possible to hypothesize that mast cell products, such as 1 1,12, and 15-hydroxy-5,8,10,14-eicosatetraenoic acid (HETE) and prostaglandin D2, may play some role (52) (53) (54) . In addition, in active IPF, the alveolar macrophages release neutrophil chemotactic factor, which attracts eosinophils, albeit to a far lesser extent than neutrophils (55, 56). Complement components are present in the lower respiratory tract and may also play some role (3, 5, 57 (62) and, in interstitial lung disorders such as IPF, neutrophils (63) . While the known properties of the human alveolar macrophage collagenase do not allow it to be distinguished frOm the eosinophil collagenase (e.g., it also cleaves collagenase I and III and is a metalloenzyme) the neutrophil collagenase (also a metalloenzyme) specifically cleaves type I collagen at much greater rate than type III (33) . Thus, in evaluating the relative contributions to connective tissue damage in the lower respiratory tract in the interstitial disorders, it should be possible to distinguish neutrophil collagenase from the collagenases derived from the eosinophil and alveolar macrophage.
Like many other vertebrate collagenases, the guinea pig eosinophil collagenase is present in an inactive form that can be activated by the nonspecific neutral protease trypsin. The mechanism of this activation is not clear. There is evidence that protease activation of so-called "latent" collagenase reflects removal of a precursor peptide from the molecule, removal of an inhibitor, activation of other activating systems, or changes in conformation of the enzyme (64, 65) . In reference to collagenases released from inflammatory cells in the human lung, it is known that the rabbit alveolar macrophage can release a neutral protease that can activate rabbit macrophage coflagenase (32) . Interestingly, the collagenase isolated from human eosinophils did not require activation. However, because of the limitation in the numbers of cells available, it was not possible to determine if this was the true form of the enzyme in the human eosinophil granules or was due to "activation" during the isolation process.
Unlike the alveolar macrophage or neutrophil, the eosinophil has no detectable elastase or nonspecific neutral protease capable of cleaving denatured globin. Thus, while the eosinophil clearly has proteolytic potential to cleave collagen, it does not have the broadly based proteolytic armamentarium of the neutrophil. This observation may help to explain, at least in part, why interstitial lung disorders characterized by a dominance of eosinophils in the alveolitis (such as chronic eosinophilic pneumonia) leave little permanent parenchymal damage if treated promptly (8) , while interstitial lung disorders that are usually characterized by a dominance of neutrophils in the alveolitis (such as IPF) are almost always associated with significant permanent derangements of the lower respiratory tract (10 (19, 20) , the potential for eosinophils to nonspecifically mediate significant injury to normal tissue cells has not been recognized. Interestingly, Parrillo and Fauci (19) did note that human eosinophils exhibit low level cytotoxicity against human heart cells and Chang liver cells, but this was only found at very high effector-to-target ratios (100:1) and only represented minor increases over background injury. In contrast, guinea pig peritoneal eosinophils and human lung eosinophils caused significant cytotoxicity to cat lung epithelial cells at effector-to-target ratios of40:1. These observations suggest that the potential for eosinophils to injure normal parenchymal cells may be highly dependent on the target cell. In this context, it is very relevant that the lung is a primary "target" for eosinophilia-related organ dysfunction (66), i.e., lung parenchymal cells, particularly epithelial cells, may be among cells in the human body that are sensitive to eosinophil mediated injury.
The mechanisms by which eosinophils can injure lung parenchymal cells are not entirely clear, but since antioxidants suppress a significant amount of the injury, it is likely that reactive oxidant species are involved. In this context, eosinophils can generate superoxide anion and hydrogen peroxide and contain a peroxidase, which, in the presence of H202 and a halide, can generate a potent oxidant (21) (22) (23) . In concert with the concept that eosinophilic cytotoxic damage to the human lung may be mediated by oxidant mechanisms, Cantin et al. (67) have recently noted that the human lung parenchyma is relatively deficient in intracellular antioxidants such as catalase and glutathione peroxidase; i.e., the cells comprising the parenchyma cannot easily defend against a local oxidant burden. In this context, it is relevant that the pulmonary eosinophilic syndromes are the most frequently recognized forms of tissue eosinophilia (66) .
